An ion trajectory simulation tool previously developed in-house 1 was used to produce simulated spectra for the geometry optimization. Several geometries/dimensions were tested. In the first design with Geometry I (Figure S1 (a) ), the thickness of the mesh and the width of the electrode was 0.76 mm. Each trapping unit had 2r 0 of 5.24 mm and z 0 of 2.75 mm. Simulated and measured mass spectra (with boundary ejection) for this ion sponge are shown in Figure S2a . In the second design with Geometry VI (Figure S1b ), the electrode thickness and width were 0.25 mm. The crosses of the endcap electrodes were located at the center of the square rf electrode.
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Calculation of the coefficients for quadrupolar and high-order fields
The electric field within a single ion trap was simulated using COMSOL, and the electric potential was exported and saved as a text file. Least square fitting method was then applied to extract the high-order field coefficients in spherical coordinates. The same method has been used in our earlier work. 2
Instrumentation for testing
The ion sponge and the detectors were placed in a single stage vacuum chamber with DAPI interface as shown in Figure S2a 
Distributions Of Ions Trapped In Ion Sponge
As a first example, cocaine and DEET ions were introduced toward different locations of the ion sponge using two DAPI inlets. Cocaine ions (by nanoESI) were introduced to the center of the ion sponge and DEET ions (by APCI) were introduced to the top-right corner of the ion sponge as shown in Figure S3a . The distance between these two DAPI inlets was about 34 mm, and both of them were placed about 4 mm away from the front mesh of the ion sponge. After cocaine and DEET ions were trapped in the ion sponge, mass selective instability scan was performed. Ions ejected were detected by the three detectors and the relative intensities are representative for estimating the overall distributions of the ions in an ion sponge. As shown in Figure S3b , the ions were mainly trapped at the location of introduction but did spread out. This is likely due to the supersonic gas expansions at the DAPI inlets 3, 4 as well as possible leakage during the ion trapping process. In another experiment for characterization, the distance between the DAPI inlet (at the center) and the front mesh of the ion sponge were varied ( Figure S54a Different q values were set for L1 and L2, resulting a shit in ejection time during the rf scan.
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Scan Function for Inter-layer Ion transfer Figure S6 . The scan function for ion transfer from layer L1 to layer L2. See Figure S6a for Mesh numbering.
Tandem-in-Time Procedure
Scan Function Figure S7 . The scan function for tandem-in-time MS/MS using an ion sponge. See Figure S6a for Mesh numbering. 
